ErbB4 receptor tyrosine kinase contributes to the development of the heart, the central nervous system, and the lactating mammary gland, but whether it has a role in the development of the kidney epithelium is unknown. Here, we found that expression of Erbb4 isoforms JM-a CYT-1 and JM-a CYT-2 was first detectable around embryonic day 13 in the mouse, mainly in the collecting ducts and both the proximal and distal tubules. In vitro, overexpression of a relevant ErbB4 isoform promoted proliferation and disturbed polarization of kidney epithelial cells when cultured as three-dimensional structures. We examined ErbB4 function in developing kidney tubules in vivo with Pax8-Cre-mediated conditional overexpression of Rosa26 locus-targeted ERBB4 and with conditional Erbb4 knock-out mice. The Pax8-Cre-driven ERBB4 overexpression enhanced proliferation in the collecting ducts, reduced the size of epithelial duct lumens, and promoted formation of cortical tubular cysts. These defects were associated with changes in the subcellular distribution of markers of epithelial cell polarity. Similarly, the Pax8-Cre-mediated Erbb4 knock-out mice manifested dysfunctional kidneys with larger duct lumens and epithelial cell mispolarization. Taken together, these data suggest that ErbB4 signaling modulates proliferation and polarization, cellular functions critical for the development of epithelial ducts in the kidney.
ErbB4 is a member of the EGF receptor (EGFR) subfamily of receptor tyrosine kinases, which also includes EGFR (ErbB1), ErbB2, and ErbB3. 1 Gene targeting studies have revealed critical roles for ErbB4 in embryogenesis. Erbb4-null mice die by embryonic day 11 (E11) as a consequence of defective heart development. 2 The embryonic lethality of Erbb4 2/2 mice can be rescued by ectopic expression of human ERBB4 under an a-myosin heavychain promoter revealing additional functions for ErbB4 in the lactating mammary gland and the central nervous system. 3 There are also indications for a role in kidney development. ErbB4 is expressed in the developing tubules of the nephrons in vivo, 4 and overexpression of a relevant ErbB4 isoform in Madin-Darby canine kidney (MDCK) cells promotes tubulogenesis in vitro. 5 ErbB4 expression is also downregulated in human renal cell carcinoma 6 and is upregulated in a mouse model of autosomal recessive polycystic kidney disease. 7 In this study we addressed the potential role of ErbB4 in mammalian kidney development. We demonstrate that expression of specific Erbb4 isoforms is induced and maintained in the epithelial segments of the kidney, the nephrons, and the collecting ducts. Erbb4 gain-and loss-of-function studies in kidney epithelial cells in vitro and in vivo demonstrated altered ductal epithelial cell proliferation and compromised expression of proteins that are normally expressed in a polarized manner in the ducts. These results are in line with a conclusion that ErbB4 signaling is involved in the control of proliferation and polarization of kidney epithelial cells in the nephrons and collecting ducts during kidney development.
RESULTS

Developing Nephrons and Ureteric Epithelium Selectively Express Cleavable Erbb4 JM-a Isoforms
The Erbb4 gene is expressed as four alternatively spliced isoforms with unique signaling characteristics. 8, 9 The isoforms are composed of alternative extracellular juxtamembrane (JM) and intracellular cytoplasmic (CYT) domains ( Figure  1A ). The expression of all four Erbb4 isoforms in the kidneys of CD-1 mice was analyzed at developmental stages E10.5 through P0 (newborn) by real-time reverse transcriptase (RT)-PCR ( Figure 1B ). Erbb4 expression was detected from E12.5 onward, and the expression level increased until birth. Only isoforms JM-a CYT-1 and JM-a CYT-2 were present, and JM-a CYT-2 was more abundant. The gene encoding the ErbB4 ligand Nrg-1 was expressed throughout kidney development ( Figure 1B ). In addition to Erbb4, Egfr, Erbb2, and Erbb3 were also expressed in varying concentrations (maximally 1.2%, 19.3%, and 1.0% of b-actin mRNA, respectively), indicating that ErbB4 may signal in the developing kidney both as a homodimer and as a heterodimer.
To define the cells that express Erbb4, in situ hybridization and anti-ErbB4 immunohistochemistry were carried out. In accordance with the real-time RT-PCR data ( Figure 1B ), Erbb4 expression was detected in epithelial cells at E14.5 (Figure 1C) . At later stages of nephrogenesis, the expression was confined to their derivatives, the proximal and distal tubules and the loops of Henle. In addition to the developing nephrons, Erbb4 was expressed in ureteric bud-derived collecting duct epithelium in the medulla and in the papillae (Figure 1 , D and E). Tissue recombination experiments with separated E11.5 kidney mesenchymes and a heterologous inducer tissue indicated that Erbb4 was activated in epithelializing pretubular aggregates in the induced mesenchyme ( Figure 1F ). Erbb4 expression was very low in uninduced kidney mesenchyme but was activated in epithelializing mesenchymal cells after 48 hours of tubule induction ( Figure 1G ). The expression was further upregulated at 96 and 120 hours in culture, indicating that Erbb4 expression is not activated as an immediate early response to tubule induction but is associated with epithelialization of the mesenchymal cells.
Only the ErbB4 JM-a isoforms can be proteolytically cleaved to produce a soluble intracellular domain that can translocate into the nucleus and regulate transcription. [10] [11] [12] Indeed, both nuclear and cell membrane immunostaining for ErbB4 was observed in the developing tubules ( Figure 1H ). Taken together, these findings demonstrate that cleavable Erbb4 isoforms are expressed during kidney ontogeny by the epithelia of the maturing nephrons and the collecting ducts.
ERBB4 Gain-of-Function Disrupts Polarization and Cyst Formation of Tubular Epithelial Cells In Vitro Kidney-derived MDCK epithelial cells were used to address the effects of ErbB4 signaling on kidney epithelium at the cellular level. When cultured in three-dimensional matrices, MDCK cells form cysts, i.e., hollow spheres lined by epithelium, and can be used as a model system to study such events as epithelial morphogenesis, cell polarization, and lumen formation. 13, 14 The MDCK cells were infected with retroviral constructs encoding ERBB4 JM-a CYT-2 or an empty vector control ( Figure  2A ), cultured for 5 days in Matrigel (BD Biosciences), and monitored for proliferation and cyst formation ( Figure 2 , B-E). MDCK cysts overexpressing ERBB4 contained significantly (P,0.001) more Ki-67-positive proliferating cells compared with control cysts (Figure 2 , B and C). Unexpectedly, cells overexpressing ERBB4 also exhibited abnormal cyst polarization as they formed significantly (P=0.008) more cysts composed of multiple lumens compared with control cells; a majority of the latter formed cysts with a single lumen (Figure 2 , D and E).
These findings indicate that ErbB4 controls kidney epithelial cell proliferation, polarization, and cyst formation in vitro.
ERBB4 Gain-of-Function Enhances Proliferation of Collecting-Duct Epithelial Cells, Interferes with the Development of Proximal Tubules, and Promotes Cyst Formation during Kidney Organogenesis In Vivo To address the effect of ERBB4 gain-of-function on kidney development in vivo, a construct with human ERBB4 JM-a CYT-2 cDNA under a floxed transcriptional stop cassette was inserted into the genomic Rosa26 locus to generate R26ERBB4 mice (Supplemental Figure 1, A and B) . The cleavable ERBB4 JM-a CYT-2 isoform was chosen because it was the prevailing isoform expressed in the kidney ( Figure 1B) . The Pax8-Cre mouse line was used to activate ERBB4 expression in the developing kidney. Cre recombinase under the control of the Pax8 promoter (Pax8-Cre) recombines a floxed reporter gene in the ureteric epithelial cells and the nephronforming mesenchymal cells after their aggregation from around E11.5 onward (Supplemental Figure 1C) . 15 Crossing the Pax8-Cre line with the R26ERBB4 line led to the expected gain-of-function expression of human ErbB4 protein in the relevant epithelial structures in the developing kidneys of the R26ERBB4/Pax8-Cre embryos (Supplemental Figure 2, A-D) . Analysis of ErbB4-activated signaling demonstrated enhanced ErbB4 and Erk phosphorylation in the mutant mice, while no significant effect on Akt phosphorylation was detected (Supplemental Figure 2 , C-E).
Histologic examination of newborn R26ERBB4 +/2 /Pax8-Cre + mouse kidneys revealed characteristic phenotypes in Figure 1 . Erbb4 expression during kidney development. (A) Four ErbB4 isoforms are generated by alternative splicing. The isoforms differ at the extracellular JM or the CYT domains. JM-a isoforms can be cleaved by the tumor necrosis factor-a-converting enzyme (TACE) and g-secretase to produce a soluble intracellular domain capable of translocating to the nucleus and regulating transcription. 10, 11, 49 CYT-2 isoforms differ from CYT-1 isoforms by lacking 16 amino acids known to include a PI3-K binding site and a proline-rich interaction motif for WW domain-containing proteins. . Morphometric measurements demonstrated that the cell density in the medullae of the mutant mice was significantly increased compared with wild-type kidneys ( Figure 3C ). In addition, the average diameter of the collecting duct lumen was significantly reduced ( Figure 3F Figure 4G ). Immunohistochemical analysis demonstrated enhanced ErbB4 expression in the epithelial lining of the cysts but also showed that the expression was gradually lost when the diameter of the cysts increased (data not shown).
ERBB4 Gain-of-Function Disrupts Polarization and Lumen Formation in Collecting Ducts and Proximal Tubules In Vivo
To address whether the observed phenotypes associated with defects in epithelial cell polarization, sections representing R26ERBB4/Pax8-Cre newborn kidneys were immunostained for aquaporin-1, aquaporin-2, 16 Dolichos bifloris agglutinin (DBA), 17 acetylated a-tubulin, 18 and thiazide-sensitive NaCl cotransporter. 19 Normally the collecting duct epithelium is composed of a single layer of cuboidal cells that are well lined next to each other ( Figure 5 , A and C). The ERBB4 gain-of-function changed this organization, and many of the ductal cells were morphologically abnormal and irregularly organized within the epithelial cell layer ( Figure 5 , B and D). Aquaporin-2 expression in the wild-type collecting ducts was polarized to the apical membranes of the epithelial cells ( Figure 5A ). In contrast, ERBB4 gain-of-function changed this pattern, and aquaporin-2 became localized into intracellular vesicles dispersed throughout the cytosol of epithelial cells ( Figure 5B ). Polarization of another collecting duct marker, DBA, was also altered, and its localization became restricted to apical surfaces in the mutant mice, whereas both apical and basolateral expression was seen in wild-type mice ( Figure 5, C and D) . ERBB4 gain-of-function also reduced the expression levels of DBA. Moreover, polarization of the tight-junction marker ZO-1 to the lateral membranes of the collecting-duct epithelial cells was partially disrupted in response to ERBB4 gain-offunction (data not shown). Immmunostaining for acetylated a-tubulin, in turn, indicated that the primary cilia of the mutant collecting ducts were not dramatically affected ( Figure 5 , E and F).
One characteristic feature of a developing duct is the regulation of the orientation of cell division. Division along the longitudinal axis of the duct increases the length of the duct, and radial division dilates the duct. 20, 21 To address whether the observed changes in the lumen size ( Figures 3F  and 4, A and B) , proliferation ( Figure 3I ), and polarity ( Figure 5 , A-D) of the collecting duct epithelia were associated with changes in the axis of epithelial cell division, sections of R26ERBB4/Pax8-Cre newborn kidneys were immunostained with antibodies recognizing phosphorylated histone H3, and the axis of mitosis in relation to the axis of the lumen of the duct was determined under the microscope. 21 Indeed, ERBB4 overexpression significantly increased the percentage of dividing collecting duct epithelial cells demonstrating radial axis of mitosis, compared with the control mice, which mostly demonstrated longitudinal cell division ( Figure 5, G-I) .
Similar to aquaporin-2 localization in the collecting ducts, aquaporin-1 in the mutant proximal tubule epithelia was localized throughout the cytosol as opposed to the apical cell surface polarization observed in the wild-type controls ( Figure  6, A and B) . The polarization of NaCl cotransporter in the mutant distal tubules, in contrast, appeared undisturbed and similar to that of wild-type tissues ( Figure  6, C and D) . These findings about the tubular cell polarization are consistent with the defects in the structure of the proximal (Figure 4 , A and B) but not distal (Figure 4 
Flox/Flox /Pax8-Cre + mice. The Erbb4 Flox/Flox /Pax8-Cre + genotype was over-represented in prematurely terminated resorbed embryos at E11.5-E16.5 (8 mutants out of a total of 12 dead embryos; P,0.001). Moreover, at birth, significantly fewer viable pups had the Erbb4
Flox/Flox /Pax8-Cre + genotype (12.9%) than expected (25%) from the normal Mendelian distribution (P=0.02) ( Table 1) . Because Pax8 expression is also detectable in the developing heart 22 and the Erbb4 null mice die by E11 with defective heart development, 2 it is possible that heart-specific effects contributed to the compromised viability of the Erbb4
Flox/Flox /Pax8-Cre + mice. To minimize the contribution of possible developmental heart defects and subsequent changes in tissue perfusion on kidney development and function, the born mutant mice were not examined until adulthood (4 months of age). Four-monthold mutant mice did not exhibit signs of heart failure, such as edema at autopsy, and the lack of hypoxia in the mutant kidneys was documented by immunohistochemical analysis of hypoxia-inducible factor-1a expression (data not shown).
The kidneys of the surviving Erbb4 Flox/Flox /Pax8-Cre + mice demonstrated significantly reduced or lost ErbB4 expression (Supplemental Figure 3, A-E), and no signal for phosphorylated ErbB4 was detected (Supplemental Figure 3E) . Analysis of Erk and Akt downstream signaling pathways indicated modestly reduced Akt phosphorylation in response to Erbb4 loss-of-function (Supplemental Figure 3E) .
The mutant mice demonstrated abnormal kidney histologic features, with significantly more fibrotic tissue surrounding the Bowman capsules compared with wild-type kidneys (Figure 7 , A, B, and E). Consistent with the gain-of-function data that indicated increased cell density as a result of ERBB4 overexpression, the density of cells in the medullae of the Erbb4 loss-of-function mice was significantly reduced ( Figure 7F) . Furthermore, the surviving mice manifested significantly dilated collecting ducts ( Figure 7 , C, D, and G).
Immunohistochemical analyses of the Erbb4 loss-offunction mice with antibodies recognizing aquaporin-2 and DBA indicated mispolarization of the collecting duct epithelial cells (Figure 8, A-D) . Similarly, analyses with antibodies recognizing aquaporin-1 and another proximal tubule marker, Lotus tetragonolobus lectin, indicated mispolarization of epithelial cells in the proximal tubules (Figure 8, E-H) . These data indicate that, consistent with the observations based on the Pax8-Cre-mediated gain-of-function, the Pax8-Cre-mediated loss-of-function of Erbb4 leads to defective control of tubular epithelial cell growth and polarization.
DISCUSSION
The ERBB4 gene is actively expressed in the mature functional kidney. 4, 23 Previous in vitro work has demonstrated that the cleavable ErbB4 JM-a CYT-2 isoform promotes tubule formation in kidney epithelial cells. 5 According to our real-time RT-PCR, in situ hybridization, and immunohistochemical analyses, Erbb4 was also expressed during kidney development in vivo. Expression of cleavable Erbb4 isoforms JM-a CYT-1 and JM-a CYT-2 was activated starting at E12.5 in association with epithelialization of the embryonic kidney mesenchymal cells during nephrogenesis. In addition, ErbB4 was present in the developing ureteric bud that generates the collecting-duct cells and the ureter. The observed ErbB4 expression pattern suggests that this signaling protein has a role in the development of kidney epithelium. Functional gain-of-function and loss-of-function studies indicated a role for ErbB4 in orchestrating nephrogenic epithelial cell proliferation. Increased epithelial cell proliferation in vitro (by 2.1-fold) was observed in kidney-derived MDCK epithelial cells overexpressing the relevant ERBB4 isoform, JM-a CYT-2. Moreover, transgenic mice with Pax8 promoter-driven overexpression of ERBB4 JM-a CYT-2 in the developing kidney resulted in significantly increased cell density in the medulla (by 1.14-fold) and in enhanced proliferation (by 2.6-fold) of the epithelial cells of the collecting ducts. Finally, data from mice with conditional Erbb4 loss-of-function under the Pax8 promoter demonstrated a significant decrease in cell density in the medulla (by 1.3-fold) . These findings are in line with previous data suggesting that the cleavable ErbB4 JM-a CYT-2 isoform selectively promotes proliferation in vitro 11, 24 and in the mammary epithelium in vivo. 25 In addition to enhanced proliferation, disturbed epithelial cell polarization was observed in the MDCK cells overexpressing Figure 7 . Erbb4 loss-of-function reduces medullar cell density and increases collecting duct lumen size. Paraffin sections of Erbb4 Flox/Flox /Pax8-Cre (adult) kidneys were stained with Masson trichrome staining to visualize fibrosis (A and B) or with hematoxylin and eosin to visualize structure (C and D). Mutant kidneys demonstrated significantly increased fibrosis around the glomeruli (blue color indicated with arrows in B) (A, B, and E), and irregular collecting-duct structure compared with the wild-type controls (C and D). (F and G) Morphometric analyses demonstrated that the cell density in the medulla was reduced (F), whereas the mean diameter of the collecting duct lumens was increased (G) in the kidneys with Erbb4 loss-of-function. wt, Erbb4
Flox/Flox /Pax8-Cre -. Scale bars: (A) 100 mm; (C) 50 mm.
ERBB4, as well as in both gain-and loss-of-function mouse models. Because polarization of one of the used markers, aquaporin-2, has been shown to be regulated by the hydration status of the body, 26 the analyses were also carried out with aquaporin-2-independent markers: DBA, LT-1, aquaporin-1, and ZO-1. The observation that plasma creatinine and electrolyte concentrations did not significantly differ between the knock-out and wild-type mice (data not shown) also indicated that the hydration status of the mice was similar. Furthermore, ERBB4 overexpression induced changes in kidney epithelial cell polarization in vitro, demonstrating that ErbB4 activity is sufficient to affect polarization under conditions with controlled water balance.
An intriguing finding was that the orientation of epithelial cell proliferation was more radial in relation to the axis of the collecting-duct lumen in mice with ERBB4 gain-of-function compared with wild-type controls. This finding is consistent with the observed changes in the lumen diameter of the collecting ducts in both the gain-and loss-of-function mouse models because radial orientation of cell division increases the width of the kidney collecting duct epithelium, whereas an increase of cell division along the longitudinal axis increases the length of the duct. 20, 21 Of note, misorientation of cell division has also been implicated as having a role in cyst formation in the kidney, 20, 27, 28 and epithelial cortical cysts were occasionally observed in our model of ERBB4 gain-offunction. Taken together, these findings indicate that ErbB4 regulates normal kidney development by controlling polarization and orientation of cell division, whereas deregulated ErbB4 signaling may lead to epithelial cystogenesis.
ErbB signaling has also been associated with formation of renal cysts in previous studies. Indeed, an ERBB4 allele has been reported to be lost in a patient with a polycystic kidney and early myoclonic encephalopathy. 29 In addition, increased ErbB4 expression has been shown in a mouse model of autosomal recessive polycystic kidney disease. 7 Of the other ErbBs, deregulated EGFR and ErbB2 signaling has been associated with human autosomal recessive polycystic kidney disease (PKD), 30, 31 autosomal dominant PKD, 32, 33 and with rodent models of both forms of PKD. 34, 35 Furthermore, ErbB2 inhibition reduces cyst formation in a mouse model of PKD and rescues the impaired migration of epithelial cell lines isolated from patients with autosomal dominant PKD. 34 Thus, several lines of evidence imply a role for ErbB signaling in the generation of renal cysts both in mouse models and in human disease.
In summary, we demonstrate that specific isoforms of the Erbb4 receptor tyrosine kinase are induced in both mesenchyme-and ureteric bud-derived epithelia of the embryonic kidney. In addition, these findings indicate a functional role for ErbB4 signaling pathway in establishing and maintaining the kidney epithelium by controlling proliferation, polarization, and orientation of cell division.
CONCISE METHODS
Animals
Erbb4
Flox/Flox , 36 Pax8-Cre, 15, 37 and Rosa26LacZ 37 mice were used to generate Erbb4
Flox /Pax8-Cre mice. CD-1 mice were used to examine
Erbb4 expression in wild-type embryos and newborn mice (Figure 1 ), Flox / Pax8-Cre kidneys (adult) visualized by confocal microscopy. Aquaporin-2 (A and B; green) and DBA (B and C; red) staining demonstrated aberrant structure and polarization of collecting ducts of Erbb4 knock-out mice. Aquaporin-1 (E and F; green) and Lotus tetragonolobus lectin (LTL) (G and H; green) staining demonstrated enlarged lumens and disrupted polarization of proximal tubules of Erbb4 knock-out mice. Nuclei were stained with DAPI (blue). wt, Erbb4
Flox/Flox /Pax8-Cre -. Scale bar (A): 50 mm.
whereas all the mutant mice were maintained and bred in C57BL/6 background.
Real-Time RT-PCR
Real-time RT-PCR was carried out using primers and probes listed in Supplemental Table 1 or described earlier. 38 
In Situ Hybridization
In situ hybridization analysis of Erbb4 expression was carried out at Max Planck Institute of Biophysical Chemistry (Gene Paint database; http://www.genepaint.org). Slc3A1 expression was analyzed as described elsewhere. 39 Immunostaining Proliferation was assessed from paraffin-embedded sections using a PCNA staining kit (Invitrogen, Carlsbad, CA). ErbB4 immunohistochemistry was carried out, as described elsewhere, 38 except that sc-283 (Santa Cruz Biotechnology, Santa Cruz, CA) was used as the primary antibody. HIF-1a immunohistochemistry was done with H1alpha67 (Abcam, Cambridge, UK) primary antibody using HistoMouse-MAX kit (Invitrogen). To identify fibrotic tissue, paraffin sections were stained with Masson trichrome. 40 Immunofluorescence staining of paraffin sections was carried out using primary antibodies against aquaporin-1 (Millipore, Billerica, MA), aquaporin-2 (Sigma-Aldrich, St. Louis, MO), thiazide-sensitive NaCl cotransporter (Millipore), phospho-histone H3 (Millipore), acetylated a-tubulin (Sigma-Aldrich), DBA (rhodamine labeled) (Vector Laboratories, Burlingame, CA), Lotus tetragonolobus lectin (fluorescein labeled) (Vector Laboratories), anti-ZO-1 (Invitrogen), or E-cadherin (BD Biosciences, Franklin Lakes, NJ), and Alexa Fluor 488-or 546-conjugated secondary antibodies (Invitrogen). Nuclei were stained with 4',6-diamidino-2-phenylindole (Sigma Pharmaceuticals).
Immunofuorescence staining of MDCK cells was carried out, as described elsewhere, 14 using the following primary antibodies: anti-E-cadherin (rrl), 41 anti-podocalyxin (gp135), 42 anti-ZO-1 (Invitrogen), and anti-Ki-67 (Invitrogen). Anti-podocalyxin and anti-E-cadherin were gifts from Dr. Kai Simons (MPI-CBG, Dresden, Germany). The primary antibodies were detected using Alexa Fluor 488-or 546-conjugated secondary antibodies and the nuclei were stained with 4' ,6-diamidino-2-phenylindole.
To evaluate the orientation of cell division, sections of newborn R26ERBB4/Pax8-Cre mouse kidneys were immunostained with antiphospho-histone H3 and anti-E-cadherin antibodies.
Western Blotting
Proteins were extracted from MDCK cells or embryonic and newborn kidneys and analyzed by Western blotting using antiErbB4 (E200) (Abcam), anti-phospho-ErbB4 (#4757; Cell Signaling, Danvers, MA), anti-Akt (sc-1618; Santa Cruz Biotechnology), anti-phospho-Akt (#9271; Cell Signaling), anti-Erk (#9102; Cell Signaling), anti-phospho-Erk (#9101; Cell Signaling), anti-b-actin (sc-1616; Santa Cruz Biotechnology), and anti-glyceraldehyde 3-phosphate dehydrogenase (Millipore) antibodies, as described elsewhere. 43 Three-Dimensional Culture of MDCK Cells MDCK cells were transduced with retroviral constructs encoding ERBB4 JM-a CYT-2 (pBABE-puroErbB4JM-aCYT-2) or an empty vector. 44 The transduced cells were cultured for 5 days in Matrigel and fixed with 4% paraformaldehyde. 45 
Tissue Culture
For kidney mesenchyme tubule induction assays, E11.5 mesenchymes were separated from the ureteric buds and cultured for 0, 48, 96, or 120 hours in combination with a heterologous tubule inducer tissue, a dorsal piece of E11.5 embryonic spinal cord. 46 Targeting of Human ERBB4 cDNA into the Rosa26
Locus to Generate a Mouse Model for Conditional Expression
Human ERBB4 JM-a CYT-2 cDNA was amplified by PCR (Supplemental Table 2 , PCR I) from a vector pcDNA3.1ErbB4JM-aCYT-2. 11 The amplified PCR fragment was cloned into a pRosa26-DEST vector. 47 This generated a targeting vector, pRosa26-DEST-ERBB4, that contained the ERBB4 insert under a floxed transcriptional stop cassette. The targeting vector was electroporated into a SV-129 mouse embryonic stem cells. Targeting to the Rosa26 locus (Supplemental Figure 1A ) was identified by Southern blotting 48 and by PCR (Supplemental Table 2 , PCR II; Supplemental Figure 1B ) and was confirmed by sequencing.
Selected embryonic stem cells were injected into blastocyst stage C57BL/6 mouse embryos to obtain chimeras. The chimeric mice were screened for germline transmission to obtain F 1 progeny of the R26ERBB4 +/2 mice that were heterozygous for the ERBB4 JM-a CYT-2 cDNA under a floxed transcriptional stop cassette inserted to the Rosa26 locus. The F 1 mice were bred with C57BL/6 mice to produce F 2 progeny. The heterozygous R26ERBB4 +/2 mice were further crossed with the Pax8-Cre recombinase-positive mice 15 to obtain R26ERBB4/Pax8-Cre mice (Supplemental Figure 2) . 
Statistical Analyses
